Introduction Coiling is the gold standard for the treatment of intracranial aneurysms. However, some issues associated with endovascular treatment limit its long-term efficiency. Recanalization with coil compaction is certainly the most important. New approaches may be considered to promote thrombus colonization by mesenchymal cells and aneurysm healing. In the present study, we have percutaneously delivered autologous bone marrow mesenchymal stem cells (BMSCs) to an elastase-induced rabbit carotid aneurysm model in vivo. Methods Autologous mesenchymatous stem cells were obtained after femoral puncture and bone marrow aspiration. After 2 weeks of in vitro cell culture, five million BMSCs were grafted in the carotid aneurysm using an endovascular approach. Results We demonstrated the feasibility of in vivo percutaneous seeding of autologous BMSCs in the aneurysm by positive Hoechst fluorostaining. Two weeks later, conventional angiography showed an increase in median aneurysmal surface in the sham group, whereas this surface was decreased in the group treated with BMSCs, +28.4 versus −26.4 %, respectively (p=0.01). BMSC seeding resulted in intimal hyperplasia with cell colonization and disappearance of the thrombus. Conclusion In conclusion, percutaneous seeding of BMSCs may colonize and heal the arterial wall thus limiting aneurysm expansion.
Introduction
Endovascular therapy of intracranial aneurysms is now the gold standard [26] and has supplanted the surgical approach in numerous centers [26] . However, recurrences after coiling of intracranial aneurysms remain the main issue, and are associated with a potential risk of late rebleeding [7, 27, 34, 35] . The recanalization phenomenon attributable to coil compaction is particularly observed in wide-necked or large aneurysms [17, 33] . Several "mechanical" approaches have been attempted to reduce recanalization of aneurysms such as increasing the volume occupied by coils, using for example platinum coils coated with hydrogel, but with limited success in clinical series [9, 21, 28] . The healing mechanism within coiled aneurysms is not fully understood, but the thrombus may play an important role as the substrate of mesenchymal cell recolonization and healing. In contrast, thrombus formation may compromise the structural integrity and stability of the arterial wall by releasing large amount of different proteases [25] . Indeed, in human aneurysms of the abdominal aorta (AAA) [22, 24, 37, 40, 42] as in cerebrovascular aneurysms [14, 15] , the risk of rupture is correlated with the morphological changes and biological activity of the intraluminal thrombus. Previous studies supported that biological activities of the thrombus participate in AAA evolution as illustrated by a thinner aneurysmal wall in presence of a thrombus, as well as more frequent signs of inflammation, vascular smooth muscle cells (VSMC) death, and degraded extracellular matrix as compared with adjacent blood flow-lined wall [20, 42] .
Different strategies to experimentally promote aneurysm healing have been proposed, including adherent cell therapy [2, 36, 41] . The elastase-induced model of carotid artery aneurysm in the rabbit offers the possibility to perform an endovascular approach, and is easy to handle and not too expensive [8] . Bone marrow mesenchymal stem cells (BMSCs) are an attractive source for adherent cell therapy, since they represent an autologous therapy (no grafted cell rejection), are easy to expand by primary culture and possess powerful tissue healing potential [38] . Cell therapy has been rarely attempted in cerebral aneurysms but positive results were reported using VSMC seeding in a carotid aneurysm model [32] . We hypothesized that mesenchymal cell delivery might induce aneurysm shrinkage and cure through thrombus enhanced cellular healing. In the present study, we developed a procedure of rabbit autologous BMSC isolation and in vitro expansion and tested in vivo the impact of endovascular seeding of these BMSCs in a carotid elastase-induced aneurysm in rabbits.
Methods

Aneurysm induction
The animal protocols were approved by the Bichat University Institutional Animal Care and Use Committee. Elastaseinduced saccular aneurysms were induced in 13 New Zealand White rabbits (males; body weight, 3-4 kg). Procedures for producing aneurysms have been previously described, initially in rat abdominal aorta [5] and extended to rabbits to produce carotid saccular aneurysms [3] . In brief, rabbits were anesthetized with an intramuscular injection of acepromazine and intravenous pentobarbital. The right common carotid artery (RCCA) was exposed and ligated distally. A 1-2 mm arteriotomy was performed and a 5F vascular sheath was advanced retrogradely in the RCCA to a point approximately 3 cm cranial to the origin of the RCCA. A 3F Fogarty balloon inflated with iodinated contrast medium was advanced through the sheath to the level of the origin of the RCCA under fluoroscopic guidance. Porcine elastase (45 U.I., E1250-50 MG, lot 115K7682, Sigma, France) was incubated within the lumen of the RCCA above the inflated balloon for 20 min, after which the catheter, balloon, and sheath were removed. The RCCA was then ligated below the arteriotomy.
BMSC isolation and proliferation
Rabbit autologous BMSCs were obtained by femoral marrow puncture. One week before aneurysm induction, 2 mL of bone marrow were aspirated via a lumbar puncture needle from the femur diaphysa through a transknee joint approach of the individual rabbits, using fluoroscopic guidance under general anesthesia (Fig. 1a and b) . The bone marrow aspirate was passed through a 100 μm filter and centrifuged for 5 min at 1,500 rpm. The cell pellet was then resuspended in 5 ml of Dulbecco's Modified Eagle Medium (BioMedia) supplemented with 20 % fetal bovine serum and 1 % penicillin-streptomycin, seeded in a T25 plastic dish and incubated at 37°C, with 90 % humidity and 5 % CO2. Only adherent cells were conserved (Fig.  1c) . The medium was changed every 3 days. Dense BMSC clones were trypsinized and the cells were plated in 75 cm 2 flasks until 60-70 % confluence (Fig. 1d) . Cells from the second or third passage were used, with about five million BMSCs obtained in 2-3 weeks. BMSC proliferation after aneurysm grafting was assessed using Hoechst 33342 (Sigma B2261).
BMSC characterization
Immunostaining
Rabbit BMSCs in primary culture, were fixed in 3.7 % paraformaldehyde. For detection of cell surface proteins, immunostaining was performed on intact cells with anti-CD45 (10 μg/ml, ABD Serotec), anti-CD29 (10 μg/ml, ABD Serotec), and anti-CD90 (10 μg/ml, ABD Serotec). Immunohistofluorescence was performed on methanolpermeabilized cells for intracellular staining of cytoskeletal proteins with primary antibodies: antialpha smooth muscle actin (10 μg/ml, Dako), anticalponin (dilution 1:100, Abcam), antismooth muscle myosin heavy chain (10 μg/ml, Millipore), and anti-SM22α (transgelin, 10 μg/ml, Abcam). A goat antimouse AlexaFluor-488 (10 μg/ml, Invitrogen) was used as secondary antibody for detection. Control irrelevant antibodies (Dako) were applied at the same concentration in order to assess nonspecific staining. Cells were counterstained by Hoechst to visualize cell nuclei.
Procoagulant activity assay
Procoagulant activity (PCA) was quantified with a one-step plasma recalcification time assay [29] . Briefly, for total activity, BMSCs or primary cultures of rabbit dermal fibroblasts [23] were lysed with 15 mM octyl-b-D-glycopyranoside at 37°C for 15 min and diluted threefold before PCA assay. Clotting times were analyzed in comparison with serial dilutions of a recombinant lipidated human tissue factor (TF) protein (Diagnostica Stago). PCA was expressed as picogram per microgram of protein. The observed PCA was confirmed as being due to TF by using human Phe-PheArg chloromethylketone-inactivated factor VIIa (American Diagnostica).
In vivo BMSC endovascular seeding in experimental aneurysms
Two weeks after carotid intraluminal elastase incubation, aneurysmal occurrence was established under fluoroscopy with an intra-arterial injection of iodinated contrast medium in the left auricularis rostralis artery. The rabbits were randomly assigned to one of two groups: (1) six rabbits in the sham group (aneurysm with culture medium injection instead of BMSCs), (2) and seven with autologous BMSCs seeding in the aneurysmal sac. For each group, rabbits were anesthetized as for the aneurysm induction. Both of the two common femoral arteries (CFA) were exposed and ligated distally. On each side, a 1-to 2-mm arteriotomy was made and a 5F vascular sheath was introduced retrogradely. Culture medium alone or BMSCs (5.10 6 BMSCs in 3 mL culture medium) were infused into the aneurysm by the Excelsior SL-10 microcatheter while the balloon was inflated during 20 min.
Tissue harvest
Aneurysm samples were harvested at 2 weeks after cell endografting. Under general anesthesia, an intra-arterial injection of iodinated contrast medium via the left auricularis rostralis artery, and digital subtraction angiography (DSA) was performed. The angiographic occlusion scores were calculated on the basis of the percentage of iodinated contrast medium inside the aneurysm cavity, as previously described [30] . All sacrifice angiograms were compared with pregraft angiograms and assessed for changes in aneurysm filling. Aneurysms were assigned to one of the three result groups: stable, progressive occlusion, or further progressive expansion, compared with the pretreatment angiogram. Then the animals were euthanized, and the aneurysm and unoperated LCCA were harvested.
Histopathology
Tissues were fixed in formalin for 24 h, embedded in paraffin, and sectioned at 5 mm. Sections were stained with hematoxylin and eosin for cellular histopathologic evaluation, PicroSirius red for collagen and Picro-Orcein for elastin. Immunohistochemical analysis of α-actin was also performed. For each aneurysm, Picro-Orcein stained sections were analyzed with a slide scanner (NanoZoomer 2.0-RS, HAMAMATSU Photonics K.K., Japan).
Statistical analyses
Results are expressed as box plots, in which the median is shown. Upper and lower limits of boxes represent interquartiles (25th and 75th), whereas upper and lower bars show percentile (10th and 90th). Sham aneurysms and unoperated LCCAs were used as controls. Differences between groups were assessed by analysis of variance (ANOVA). Significant ANOVAs were followed by Tukey's post hoc test. Statistical significance was set at p<0.05.
Results
BMSC isolation and characterization
We obtained 100 % efficiency for our method of bone marrow aspiration from rabbit femur and subsequent isolation and culture of autologous BMSCs (Fig. 1) . After adhesion to plastic and spreading, rabbit BMSCs grew rapidly and were characterized by absence of staining with irrelevant IgG and with anti-CD45 (a and b of Fig. 2a) , showing that these cultured cells were not myeloid leukocytes. In contrast, BMSCs expressed integrin β1 (CD29; Fig. 2a c) , providing evidence of their ability to adhere to extracellular matrix. BMSCs also expressed the Thy-1 antigen (CD90) as previously described for all mesenchymal cells in animals and humans [6] , and α-actin, a cytoskeletal protein, linking adhesion integrins to intracellular architecture, and tensegrity in adherent cells (d, e, and f of Fig. 2a ). BMSCs poorly expressed specific markers of differentiated vascular smooth muscle cells, such as SM myosin or transgelin (g and h of Fig. 2a ).
Procoagulant activities of BSMCs and rabbit dermal fibroblasts
Rabbit dermal fibroblasts expressed 10 times more PCA than BSMCs as measured by the recalcification time of platelet-poor plasma. This PCA was identified as TF as it was completely inhibited in the presence of inactive FVIIa. The amount of TF was 0.32±0.06 and 0.029±0.008 pg/μg of protein for rabbit dermal fibroblasts and BSMCs, respectively (Fig. 2b) .
Angiographic progression and regression of aneurysms
The natural evolution of elastase-induced aneurysm models, whatever the location, is to progress in two stages: a first step of dilation directly dependent on elastase infusion, and a second one, starting 3-5 days after elastase infusion, linked to intraluminal thrombus formation [4] . This evolution is characterized by an angiographic expansion of aneurysms in absence of cell seeding (Fig. 3a) , whereas cell seeding prevented this macroscopic evolution (Fig. 3a and b) . At 2 weeks, in the nonseeded control group, all aneurysms enlarged and no progressive occlusion was noted. In the BMSC graft group, there were one mild progression, two stable aneurysms, and three progressive occlusions.
Based on DSA studies, the median aneurysm surface was +28. 4 % (interquartile range (IQR), 15.7-43.9) in the control group; and −26.4 % (IQR, −41.6±10.2), in the cell graft group, respectively (p=0.01, Fig. 3b ). The main reason that could explain failure of the endovascular treatment in three aneurysms could be the paucity of delivered BMSCs in the aneurysms due to cells leakage in relation to nonoptimal inflation of the occlusive balloon.
Autologous BMSC grafts impact on the arterial wall morphology
Histological findings
Untreated control aneurysms were characterized by the presence of a crescent-shaped intraluminal thrombus (Fig. 4a) , thinning of the arterial wall media with fragmentation of elastic laminae at sites of contact with the thrombus, and absence of α-actin-positive cells (Fig. 4b and c) .
Stabilized aneurysms seeded with BMSCs were characterized by the absence of intraluminal thrombus (Fig. 5a ) and intimal proliferation of α-actin-positive mesenchymal cells (Fig. 5b ) synthesizing elastin and collagen ( Fig. 5c and  d) . The most luminal layer of these cells was characterized by positive Hoechst fluorostaining (Fig. 5e ) in contrast to control aneurysms with culture medium alone and where no Hoechst fluorostaining was visualized, proving that BMSCs seeded 2 weeks before was still alive at the time of sacrifice.
In occluded aneurysms grafted with BMSCs, there was no additional dilatation (Fig. 6a) . The endoluminal thrombus was the site of cell colonization, characterized by a typical aspect of elongated mesenchymal cells on hematoxylin-eosin staining (Fig. 6b) . Mesenchymal cell synthesized extracellular matrix, including both collagen (Fig. 6c ) and small amounts of elastin (Fig. 6d) . The majority of these cells were α-actin-positive (Fig. 6e) .
Discussion
In the present study, we demonstrated the feasibility of in vivo percutaneous seeding of autologous BMSCs in a model of elastase-induced carotid saccular aneurysm. We documented a biological effect illustrated by endoluminal thrombus cell colonization after BMSC endovascular grafting.
The model used in this study (i.e., elastase-induced carotid aneurysm) has been widely applied as a preclinical model for evaluation of endovascular devices. This aneurysm model is similar to human aneurysms histologically, morphologically, and hemodynamically [10, 39] and is a simple and accessible model to use in the laboratory.
Vascular smooth muscle cells and fibroblasts have already been used in cell therapy for aneurysms, but to the best of our knowledge seeding of BMSCs has not been reported [19, 32] . Both normal and genetically-modified VSMCs have been shown to prevent aneurysm rupture [2, 16] . However, in these studies, syngenic cell seeding was used, allowing for use of large numbers of VSMCs pooled from different animals, a technique which is likely to mount an immune response against transplanted cells [31] in nonsyngenic animals or in humans. Autologous VSMCs are not easy to harvest in humans and require numerous surgical samples of arteries or veins, to subsequently extract cells. Moreover, in vitro growth of mature VSMC is low as compared to BMSCs, limiting their clinical use.
We chose to use BMSCs since they are easily harvested in large quantities, even in humans, using the minimally invasive procedure of bone marrow aspiration. It was possible to conduct autologous cell seeding with specificities required for regenerative cell therapy BMSCs have the potential to adhere and to differentiate into mesenchymal cells with the faculty for tensegrity [18] after adhesion, since they express actin, and to synthesize extracellular matrix proteins, mainly collagens [13] . Expression of integrin β1 on BMSCs provides evidence of their ability to adhere to the extracellular matrix. BMSCs have also the potential to differentiate into vascular cells such as myofibroblasts and may participate in arterial wall consolidation. Finally, BMSCs do penetrate into the intraluminal thrombus as illustrated by positive Hoechst fluorostaining. As opposed to fibroblasts, BMSCs poorly express TF and are devoid of important procoagulant activity, limiting thrombus formation and embolic risk. This feature of BMSCs may be critical to reduce aneurysm risk through limited pathogenic effect of the intraluminal thrombus exerted via platelet activation, fibrin formation, and binding of plasminogen and its activators. The latter may be responsible for the trapping of erythrocytes and neutrophils, leading to oxidative and proteolytic injury of the arterial wall as described in AAA [14, 25] . Therefore BMSC seeding and colonization of the luminal thrombus may potentially decrease its pathogenic effect and promote aneurysm healing [15] . Finally, BMSC grafting in elastase-induced carotid aneurysms was associated with aneurysmal size reduction, in favor of efficacy for the treatment of aneurysms. The presence of intimal cell hyperplasia suggests a mechanism of arterial wall healing. Intimal hyperplasia was reported to be associated with aneurysm repair in the setting of VSMC seeding in a venous canine aneurysm model [32] or with fibroblasts in a venous pouch aneurysm model in rabbits [19] . In aortic aneurysm, VSMC-seeded aneurysms are richer in collagen and lined with an endothelium without thrombus [2] . Similar findings were observed in this study after autologous mesenchymal stem cell grafting, but without any further thrombus formation, inflammation, and loose connective tissue formation, as commonly observed in rabbit elastase-induced aneurysm models after platinum coil [11] .
Limitations of the study The elastase-induced aneurysm model used in this study is only a model for aneurysm growth but not for rupture and we cannot assure that BMSC endovascular grafting prevents rupture, even if aneurysm shrinkage and thrombus colonization represent favorable prognostic factors [26, 14] . As in rats, the elastase model of aneurysm conserves its ability to spontaneously evolve toward healing by mesenchymal cell recolonization, therefore explaining the absence of secondary rupture. It is why we developed a model of weak bacterial pathogen contamination of the thrombus, in which the healing process did not take place [12] . Concerns also include the risk of harming cells by trafficking through the catheter lumen, but previous studies have shown that efficient transmicrocatheter delivery of cells can be achieved [1, 23] . Furthermore, in this study, we did not evaluate the proportion of cells that had effectively been grafted into the aneurysm or the risk of embolization in other territories after balloon deflation. One of the possible risks of endovascular delivery of cells for the treatment of intracranial is the risk of ischemic stroke due to cells trafficking after balloon deflation. In our experiments in aneurysms located on the right subclavian arteries in rabbits, the ischemic risk could have been in the vessels of the right anterior arms. One of the limits of our study is that we did not perform a systemic analyze of the right anterior arm of the treated rabbits to detect fluorescent BMSCs but we did not observed clinically detectable patent ischemic lesions. On the contrary, we observed biological and morphological effects with cell colonization of the thrombus and decreased aneurysm size. BMSCs are poorly procoagulant, a property, which could be an advantage in case of cell mobilization.
In conclusion, findings of this study support that autologous mesenchymal stem cells are good candidates for cell therapy in cerebral aneurysms. Further studies are required to fully appreciate the utility of BMSC seeding in aneurysms in combination or not with coiling or other devices.
